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Platinum nanoparticles (Pt-NPs) of about 3 nm were synthesized by colloidal methods and encapsulated
in mesoporous Al,05; and CeO,-Al,03 prepared by sol-gel method. A new strategy to synthesize Pt clus-
ters of uniform size supported on mixed oxides was achieved, and the catalysts were characterized by
Fourier transform infrared spectroscopy of adsorbed CO, transmission electron microscopy and X-ray
absorption fine structure spectroscopy and tested in steam reforming of methane (SRM) and partial oxi-
dation of methane (POM). Pt-NPs were well dispersed on the supports, and there was no significant mod-
ification of their size during calcination and under POM conditions. In the SRM, the CH,4 turnover rate on
the Pt-NPs/Ce0,-Al,03 catalyst was twice higher than the one on the Pt-NPs/Al,O5 catalyst, despite their
similar Pt-NP sizes. The use of colloidal Pt-NPs to produce nanocatalysts with similar particle size clearly
pointed out the important role of the CeO, in promoting the catalytic activity.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The partial oxidation, steam reforming and autothermal reform-
ing of natural gas are among the main approaches being investi-
gated for the production of H, and synthesis gas. In particular,
the partial oxidation of methane (POM) and autothermal reforming
of methane (ATRM) produce synthesis gas with H,/CO ratio about
2:1, desirable for the synthesis of hydrocarbons [1]. As the POM
and ATRM run at high temperatures (~1173 K or above), highly
stable catalysts are required. Recently, it has been demonstrated
in experimental and theoretical work that the catalytic activity
for the steam reforming of methane (SRM) observed on the surface
of metals (Ni, Pt, Ir and Ru) increases with the dispersion of the
metal [2]. The change in activation of CH4 depends on the kind of
metal and increases with decreasing d-orbital occupancy [3].

Regarding the influence of the support on activity, Wei and Igle-
sia [4] reported that the support had no effect on turnover rates
(TOFcy4) in SRM. On the other hand, we have shown in previous
studies that the stability of conventional Pd- and Pt-supported
catalysts in POM and the activity in SRM depend strongly on the
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support [5,6]. Furthermore, changing the support in these catalysts
resulted in different metal surface structures, which interacted dif-
ferently with CO. In those experiments, the effects of the support
and metal particle size were strongly interdependent, making it
difficult to analyze the role of the support and the particle size
separately.

In those studies, the catalysts were prepared by conventional
techniques, such as impregnation followed by calcination/reduc-
tion, which often result in metal clusters with a wide size distribu-
tion and that usually depends on the support. It is known that the
surface structure on small metal nanocrystals may vary drastically
in the 1-5 nm size range and, as a consequence, their size distribu-
tion may play a critical role in structure-sensitive catalytic reac-
tions [7]. In the case of Pt, in particular, the degree of Pt sintering
also depends on the size of the Pt particles [8] and the PtO,—oxide
support interaction [9]. Therefore, it is highly desirable to design Pt
catalysts with fine metal dispersion obtained in a controllable way.
For this propose, the use of colloidal nanoparticles has already
been proved to be a successful approach [10].

In this paper, we describe a simple method to prepare Al,O3-
and CeO,-Al,03-supported Pt nanoparticle catalysts based on the
incorporation of colloidal Pt nanoparticles (Pt-NPs) during the
sol-gel preparation of the supports. By this approach, we fixed
the Pt-NP size while changing the support oxide properties.
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Pt-NPs/Al,03 and Pt-NPs/CeO,-Al,05 catalysts were tested in SRM
at low temperature to clarify the effect of the support on activity.
The Pt-NPs/Al,03 and Pt-NPs/Ce0,-Al,03 catalysts were then sub-
jected to POM conditions at higher temperature to observe the ef-
fect of the support on stability. The samples were characterized by
nitrogen adsorption-desorption isotherms, X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR) of adsorbed CO,
transmission electron microscopy (TEM) and X-ray absorption fine
structure spectroscopy at the Pt Ly;-edge (XAFS). The density of ex-
posed Pt sites was determined by the cyclohexane dehydrogena-
tion reaction rate (rcgus).

2. Experimental
2.1. Catalyst preparation

The Pt-NPs were prepared by the method of Teranishi et al. [11],
in which H,PtClg-6H,0 (52.5 mg) was dissolved in a mixture of dou-
ble-distilled water (13.5 mL) and methanol (121.5 mL) containing
poly(N-vinyl-2-pyrrolidone) (PVP: 118.5 mg, MW 40,000, Aldrich).
The solution was refluxed in a 250-mL flask for 3 h under air. The Pt-
NPs were precipitated from the colloidal suspension by adding a
large amount of diethyl ether. The precipitate was redispersed in
150 mL anhydrous methanol, giving a dark brown Pt-NPs sol that
was used in the preparation of Pt-NPs-supported catalysts.

The supported Pt nanocatalysts, Pt-NPs/Al,03 and Pt-NPs/CeO,-
Al,05 with 12 wt% of CeO, were prepared by adding an appropriate
volume of the dark brown solution of Pt-NPs during the Al,03 or
Ce0,-Al,05 sol-gel synthesis. Briefly, a solution containing 4.2 g
of aluminum tri-sec-butoxide (Al(OC4Hg sec)s, p.a., 99%, Merck) in
28 mL of ethanol (p.a., Merck) was prepared and maintained under
vigorous stirring at 363 K. To obtain the CeO,-Al,0; sol with
12 wt% of CeO,, 5 mL of an aqueous solution of 0.79 mmol
Ce(NOs3)3-6H,0 (99%, p.a., Aldrich) was added to the first solution.
The mixtures were refluxed for 1 h at 363 K. After this period,
4.7 mL of an aqueous solution of nitric acid (0.109 mol L~!, Merck,
p.a.) was added to peptize the Al,03 or CeO,-Al,03, and the
mixtures were refluxed for 14 h. After that, the colloidal solution of
Pt-NPs (150 mL) was added to the gel at a nominal Pt concentration
of about 0.3 wt¥% in the calcined catalyst.

The gelatinous precipitates were dried for 2-3 days in air at
room temperature, forming the xerogels, which were calcined at
773 K for 4 h under a flow of synthetic air. As control experiments,
samples of the support without the incorporation of Pt-NPs were
prepared in a similar way. Calcination at 1073 K for 24 h was also
performed to evaluate the stability of the supports and catalysts.
Unless indicated, the standard calcination condition was 773 K
and 4 h.

2.2. Characterization

The size and structure of the Pt-NPs were probed by TEM, using
a JEM 3010 microscope, operating at 300 kV (1.7 A point resolu-
tion) at the LNLS (Brazilian Synchrotron Light Laboratory, Campi-
nas, Brazil). TEM samples were prepared by dropping either the
Pt-NPs colloidal solution or a suspension of the nanocatalysts in
isopropanol on previously prepared amorphous carbon films sup-
ported on copper grids.

The chemical analyses of the Pt-NPs/Al,0; and Pt-NPs/CeO,-
Al,05; samples were performed by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES). Surface area (Sggr), pore
volume (V},) and average pore diameter (Dpore) of the catalysts were
measured before reduction by N, adsorption-desorption isotherm
at liquid nitrogen temperature, using the Micromeritics ASAP 2000
apparatus.

XRD patterns of the supports and catalysts were collected with a
Rigaku DMAX 2500 PC diffractometer, using Cu Ko radiation with a
Ni filter, step size of 0.020° in 20, and an accumulation time of 10 s
per step. The apparent crystallite size of CeO, (Dceo2) Was deter-
mined by applying the Scherrer equation to the (0 2 0) peak [12].

UV-Vis absorption spectra were recorded over the range of
200-800 nm with an AGILENT 8453 UV-Vis spectrometer.

FTIR analysis of adsorbed CO was carried out with a Thermo
Nicolet 4700 Nexus FTIR spectrophotometer with MCT detector
and Diffuse Reflectance Infrared Fourier Transform Spectroscopy
- reactor cell with CaF, windows (DRIFTS HTHV cell - Spectra
Tech). The IR spectra were recorded using 64 scans at 4 cm™! res-
olution. The Pt-NPs/Al,03 and Pt-NPs/CeO,-Al,03 catalysts were
pre-reduced at 773 K with a 1:3 mixture of H,/N,, flowing at
100 mL min~! for 1 h. The catalyst was kept under vacuum at tem-
perature of reduction for 5 min, after which N, was introduced into
the cell and the samples cooled down to 298 K.

The catalysts were exposed to CO atmosphere (10 torr) at 298 K.
Temperature-programmed desorption of CO (TPD-CO) experi-
ments were performed as described in detail previously [13]. The
reduced Pt-NPs/Al,05; and Pt-NPs/CeO,-Al,0; samples, with CO
adsorbed at 298 K, were then subjected to successive cycles of
heating to various temperatures and cooling to 298 K, to collect
further spectra.

The Pt dispersions in the reduced catalysts were estimated from
rcene Obtained at 543 K. For that, a calibration curve was first ob-
tained for a set of Pt-Al,03 catalysts with variable dispersion cor-
relating chemisorption data with rcgye. Then, the regns values for
the catalysts used in this work were obtained and compared with
a standard sample. Dehydrogenation of cyclohexane was per-
formed in a fixed-bed reactor at atmospheric pressure. The proce-
dure is described elsewhere [14].

XAFS was performed at the XAFS 2 beamline of the LNLS (Cam-
pinas, Brazil). The measurements were performed in transmission
mode at the Pt L;-edge (11,564 eV). Samples were prepared as pel-
lets and placed inside a quartz tubular furnace (diameter 20 mm
and X-ray path length 440 mm) with refrigerated kapton windows.
To improve the signal-to-noise ratio, the content of Pt used for the
XAFS analysis was 0.6 wt%. All other characterizations and catalytic
tests were performed with 0.3 wt% Pt loading. The calcined sam-
ples were heated from room temperature to 773 K at 10 K min™!
under a flow of Hy/N; (5:95), held for 1 h at 773 K and then cooled
down to 298 K, keeping the flow of H,/N, throughout. After this
thermal treatment, the extended X-ray absorption fine structure
(EXAFS) spectra were collected at 298 K. The data analysis was per-
formed using the IFEFFIT software package [15].

2.3. Catalytic test

The SRM rates were measured on catalyst powder (100 mg; 80-
100 mesh particles) diluted in powdered quartz (300 mg) of similar
grain size in a fixed-bed quartz reactor (i.d. 8 mm) at atmospheric
pressure. The gas compositions of the reactants and products were
analyzed by gas chromatography, as previously described [6]. Feed
composition was 1:3:0.5 CH4/H,0/N,, with a total flow rate of
2 x 1072 mol min~". Before the reaction, the samples were reduced
in situ at 773 K for 1.5 h in 10% H,/N, flowing at 50 mL min~'. The
specific rates of the SRM reaction (rcy4) were corrected for reactant
depletion and approach to equilibrium, as described by Wei and
Iglesia [4]. The absence of external mass and heat transfer resis-
tances were confirmed by the calculation of partial pressures and
temperature differences between bulk and surface of catalysts par-
ticle. The forward CH4 turnover rate (TOFcy4) calculations were
based on rcy4 and the Pt dispersion. The apparent activation ener-
gies (E,pp) were estimated by using nonlinear methods to fit the
experimental data to the Arrhenius equation.
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The catalytic performance under POM conditions was observed
in a fixed-bed quartz reactor at atmospheric pressure. The catalyst
(40 mg) was diluted with SiC (72 mg) in order to minimize heat ef-
fects. Prior to reaction, the samples were reduced in situ at 773 K
for 1.5h in a flow of 10%H,/N, (50 mL min~') and then heated
up to the reaction temperature (1073 K) flowing N,. For this reac-
tion, a reactant mixture of CH4/O,/N; in the ratio 2:1:1 was passed
through the reactor, at a flow rate of 150 mL min ™. The stability of
the catalysts was tested by performing the reaction at 1073 K for

24 h on stream. The products were analyzed on-line by a VARIAN
3800 gas chromatograph.

3. Results

Fig. 1a and b presents a TEM image and corresponding histo-
gram of Pt-NPs used to produce the nanocatalysts, showing a mean
diameter of 3.2 nm and standard deviation ¢ = 15%. Fig. 1c—f shows
TEM images of the fresh Pt-NPs/Al,O3 (¢ and e) and Pt-NPs/CeO,-
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Fig. 1. (a) TEM image of the colloidal Pt-NPs and (b) corresponding histogram (mean size = 3.2 nm, ¢ = 15%). TEM images of (c and e) Pt-NPs/Al,03 and (d and f) Pt-NPs/CeO,—

Al,O5 fresh catalysts.
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Table 1

Chemical analysis, Sggr, Vp and Dpore Of Pt-Al,03 and Pt/Ce0,-Al,03 catalysts. Dceoz obtained by XRD is also shown for the Pt/CeO,-Al,05 sample.
Sample Ce0, (Wt%) Pt (Wt%) Sger (m?g™1!) Vp (cm?g1) Dpore (NM) Dceo2 (Nm)
Pt-NPs/Al,03 - 0.32 304 0.29 3.6 -
Pt-NPs/Ce0,-Al,03 11.2 0.38 203 0.16 3.2 4.8 (7.3)°

2 Samples calcined in air at 1073 K.

Al,0s3 (d and f) catalysts (after calcination at 773 K), indicating that
the Pt-NPs remain isolated during gel formation and after
calcination.
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Fig. 2. Nitrogen adsorption-desorption isotherms at 77 K of the Pt-NPs/Al,O5 (-H-)
and Pt-NPs/Ce0,-Al,03 (-e-) catalysts.

The chemical analysis, Sger, Vp and Dpore Of the catalysts are
summarized in Table 1. The chemical analysis confirmed that both
catalysts have similar Pt loadings, around 0.3 wt%. Samples used
for XAFS analysis, with 0.6 wt% of Pt loading, showed similar re-
sults (data not shown). The N, adsorption-desorption isotherms
are presented in Fig. 2, showing type IV isotherms according to
the IUPAC classification [16], with H2 hysteresis. These results
indicate the presence of ink-bottle-shaped mesopores, similar to
those observed in the supports [17]. The incorporation of the NPs
during the gel formation did not affect the textural properties of
the supports (see [17] for comparison). On the other hand, the
presence of CeO, decreased the Sggr, V, and Dpgre, With or without
the presence of NPs.

XRD patterns of Al,03 and CeO,-Al,03 xerogels (before calcina-
tion), supports and catalysts are shown in Fig. 3a. Both xerogels
show a pseudo-boehmite-like structure that is transformed to
the y-Al,05 phase by calcination (Fig. 3a). In the case of the Ce-con-
taining samples, crystalline CeO, phase, with bulk fluorite struc-
ture, could also be detected (Table 1 and Fig. 3). Interestingly,
although the incorporation of the NPs into the gels did not affect
significantly the textural properties of the support, the presence
of Pt-NPs seems to have helped the crystallization of the ceria
phase. This can be seen in Pt-NPs/Ce0,-Al,03 by the better-defined
diffraction peaks of the ceria phase (indicated by x in Fig. 3a). The
reflections of Pt° are not observed at this calcination temperature.

By increasing the calcination temperature to 1073 K (Fig. 3b),
the alumina became more crystalline [18]. The apparent crystallite
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Fig. 3. XRD patterns of samples calcined in air at (a) 773 K and (b) 1073 K. In (a), the XRD patterns of the corresponding xerogels (before calcination) are also shown. The
labels are given above each curve (Al = Al,05 and CeAl = CeO,-Al,05; H, = sample treated under H,, see text for details). * Indicates CeO, reflections, and * indicates the (11 1)

Pt° peak.
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size of CeO, became larger (from 4.0 to 8.2 nm) and, for the Pt-NPs/
Al,03 and Pt-NPs/CeO,-Al,05 catalysts, the main Pt° reflection at
39.9° became evident (indicated by + in Fig. 3b). It is interesting
to note that a different result was found when the catalysts cal-
cined at 773 K were subsequently treated in H, at 1073 K for 8 h
(Fig. 3b). The characteristic lines of the CeO, fluorite structure dis-
appeared, and the peaks correspondent to Pt® are not observed.
This is an important result for the POM reaction, which takes place
at 1073 K, as it will be discussed below.

The FTIR spectra of adsorbed CO on Pt-NPs/Al,O3 and Pt-NPs/
Ce0,-Al,05 samples reduced at 773 K are shown in Fig. 4. Both
spectra revealed one band at high frequency (HF) ca. 2079 cm™!,
assigned to CO linearly bonded to Pt° [19]. Interestingly, this band
is highly symmetrical and very sharp (FWHM =23 cm™!) in both
catalysts, compared to conventional catalysts prepared by impreg-
nation (FWHM around 50 cm™~! and asymmetrical [20]). Given that
the FWHM of this band is also sensitive to the size of the Pt clus-
ters, the smaller FWHM indicates a narrower size distribution of
the Pt-NPs in the present catalysts. The Pt-NPs/Al,03 also shows
two overlapping low-frequency (LF) bands at ca. 1820 and
1767 cm! (Fig. 4). The band at 1820 cm ™! can be assigned to CO
bonded to two surface Pt atoms and assigned to CO adsorbed in
bridge form [19]. The bands at LF region are strongly suppressed
in Ce-containing catalysts.

2079
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Fig. 4. FTIR spectra of adsorbed CO on (a) Pt-NPs/Al,03 and (b) Pt-NPs/Ce0,-Al,03
catalysts (CO pressure of 10 torr).
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TPD-CO profiles in the 2200-1700 cm™! region are shown in
Fig. 5A for Pt-NPs/Al,03 and 5B Pt-NPs/Ce0,-Al,03, respectively.
The spectra were collected at 298 K after heating the samples to
each respective temperature indicated in Fig. 5. The results re-
vealed that the species absorbing at ca. 2076 cm™!, assigned to
CO in linear mode, desorbs at temperatures higher than 323 K
and shifts to a lower frequency, in both catalysts. The origin of this
shift could be a dipole-dipole effect; however, a possible recon-
struction of the surface of the Pt particles in the presence of CO
at high temperatures cannot be excluded. The Pt-NPs/Al,03 cata-
lyst also shows species absorbing at ca. 1820 cm™' (bridged car-
bonyls) and 1760cm™!, both desorbing at around 373K.
Although stretching frequency at 1760 cm™' is fairly rare, it is
typically assigned to highly coordinate CO species, probably in
threefold bonding sites [21,22].

Fig. 6 shows the XANES spectra (the near edge structure of the
XAFS spectra) of the Pt-NPs/Al,O3; and Pt-NPs/CeO,-Al,03 cata-
lysts, compared to the Pt and PtO, standards. It can be seen that
the two catalysts are similar and their spectra resemble that of
metallic Pt. The white lines are slightly more intense in the cata-
lysts spectra than in the Pt standard, suggesting that a small charge
transfer might exist with the residual ligand and/or the support.
This difference, however, disappears on reducing the catalysts
in situ at 773 K in H,.

The EXAFS oscillations and corresponding Fourier transform of
the catalysts after in situ reduction are shown in Fig. 7. The quan-
titative analyses are presented in Table 2, and, for comparison, the
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Fig. 6. XANES spectra at Pt Ly-edge of the Pt-NPs/Al,03 and Pt-NPs/Ce0,-Al,03
catalysts, compared to Pt and PtO, standards.
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Fig. 5. TPD-CO adsorbed on (A) Pt-NPs/Al,05 and (B) Pt-NPs/CeO,-Al, 05 catalysts previously reduced under H, at 773 K (the spectra are taken from CO-saturated surface at
298 K): (a) desorption at room temperature; (b) 323 K; (c) 373 K; (d) 423 K; (e) 473 K; (f) 523 K.
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Fig. 7. (a) EXAFS oscillation and (b) corresponding magnitude of the Fourier transform and best fit for the nearest neighbors of Pt-NPs/Al,05 and Pt-NPs/CeO,-Al, 05 catalysts.
The samples were reduced flowing H, at 773 K, and spectra were collected after cooling at 298 K. In (a), the EXAFS oscillations of the Pt standard (Pt) was shown for

comparison.
Table 2
Results from EXAFS analysis of Pt Ly-edge for calcined and reduced catalysts.
Catalyst Shell 1st shell CN Interatomic distance (A) Ac? (A?) AE (eV)
Pt foil Pt-Pt 12 2.765 (5) 0.0054 (1) 6 (1)
Pt-NPs/AL,05? Pt-Pt 6(1) 2.75 (1) 0.007 (1) 5(2)
Pt-0 12(3) 2.00 (2) 0.001 (2) 8 (4)
Pt-NPs/Ce0,-AL05° Pt-Pt 4(1) 2.761 (7) 0.006 (1) 6 (1)
Pt-0 2.0(3) 1.994 (8) 0.002 (2) 7(2)
Pt-NPs/Al,05° Pt-Pt 9.1 (8) 2.757 (5) 0.0064 (1) 6(1)
Pt-NPs/Ce0,-AlL,05" Pt-Pt 7.8 (7) 2.755 (5) 0.0067 (5) 6 (1)

@ Samples calcined in air at 773 K and spectra collected at 298 K.
> samples reduced flowing H, at 773 K and spectra collected at 298 K.

results obtained with the catalyst just after calcination are also
shown. The best fits for the first coordination shell are shown in
Fig. 7b. For both samples, the coordination numbers (CNpc_p;) of
the Pt-Pt nearest neighbors are reduced compared to bulk, as ex-
pected for NPs. For the fresh samples, a small contribution of a
Pt-O scattering path has to be included in the fit, in agreement
with the XANES results. After in situ reduction, there is a slight in-
crease in the CNpc_p;, Whereas the CNp;_o contribution disappears.
These indicate that residual PVP may have been eliminated [23]
with a minor growth of the Pt-NPs. Both catalysts, however, behave
in a similar way.

When tested on the dehydrogenation of cyclohexane, the Pt-
NPs/Al,O3 catalyst showed a slightly larger number of exposed Pt
sites (Table 3), consistent with the EXAFS results (Table 2). Consid-
ering the catalyst performances, both catalysts are stable with time
on stream in the SRM at temperatures around 783 K. The Arrhenius
plots for SRM on the Pt-NPs/Al,03 and Pt-NPs/Ce0O,-Al,053 catalysts
are displayed in Fig. 8. The corresponding E,, are reported in Ta-
ble 3. Both catalysts show a value of E,p, around 64 k] mol ™', which
agrees with the values previously reported for supported Pt cata-
lysts obtained by impregnation [6,14,18]. On the other hand, the
Pt-NPs/Ce0,-Al,03 catalyst has an rcyq twice as high as that of
the Pt-NPs/Al,Os catalyst and that cannot be explained by the
small difference in Pt-exposed sites on surface. As a consequence,

Table 3

despite the similar E,p, values for the two catalysts, the TOFcy
value at 783 K is twice higher in the CeO,-containing catalyst

10

Q

rx10" [molecules CH, .s“.gc;]
T

O R I B m o S e B
1.05 110 1.15 1.20 1.25 1.30 1.35 140 1.45

UT x 107K

Fig. 8. Arrhenius plot for SRM in Pt-NPs/Al,0; (@) and Pt-NPs/CeO,-Al,03; (A)
catalysts (feed composition 1:3:0.5 of CH4/H,O/N,, with a total flow rate of
2 x 1072 mol min~'). Temperature ranges from 725 to 925 K.

Catalytic data (rcen12, Eapp TOFchs and rcua) in the SRM. TOFcy4 values were calculated from respia.

Eapp (kI mol™")  Pt* dispersion (%)  TOF cua® (s7)

Sample reernz (MOl gt h™!)  repa (x10719)* (mol gzl s71)
Pt-NPs/Al,03 0.070 £ 0.001 0.688 +0.001
Pt-NPs/Ce0,-Al,0;3  0.065 + 0.001 1.382 £ 0.001

65 26
63 21

2.7+02
4.8+0.2

@ Pt dispersion calculated from rcgyi2 at 543 K.
> TOFcys4 and reys were obtained at 783 K.
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catalysts (feed composition 2:1:1 of CH4/O,/N5).

(Table 3). Related behavior was observed in Pd/xCeO,-Al,05 and
Pt/xCe0,-Al,05 catalysts prepared by impregnation method,
where the increase in Ce loading led to an increase in TOF¢y,4 values
[5,6].

The results of the stability tests under POM conditions are
shown in Fig. 9. The selectivity to H,, CO and CO, is also plotted
against time on stream. In contrast to the SRM, which takes place
at 783 K, the Pt-NPs/Al,O5; and Pt-NPs/CeO,-Al,05 catalysts were
not initially stable for POM at 1073 K and showed an increase in CH,
conversion with time on stream. Stability was, however, achieved
after about 2 h. Surprisingly, different from what was reported

(a)

for Pt/Al,O3 catalysts obtained by impregnation [5], Pt-NPs/Al,03
catalyst was still stable after 24 h on stream. The stability of
Pt-NPs/Al,03 was similar to that of Pt-NPs/Ce0,-Al,03, and no ef-
fect of Ce on stability was verified. It is important to note that the
H,/CO ratio was smaller than expected for POM and further studies
will be performed to understand the reaction mechanism [24,25].

TEM images of the Pt-NPs/Al,03 and Pt-NPs/CeO,-Al,03 cata-
lysts used under POM conditions for 24 h are shown in Fig. 10. It
seems that the NPs became slightly larger and more faceted (inset
in Fig. 10a), but more importantly, they have not formed aggre-
gates in either catalyst.

(b)

Fig. 10. TEM images of used catalysts under POM conditions at 1073 K for 24 h: (a) Pt-NPs/Al,05 and (b) Pt-NPs/CeO,-Al,0s3. Note the Pt-NP faceting shown in the inset.
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4. Discussion

The addition of Pt-NPs during sol-gel synthesis of Al,O3 and
Ce0,-Al,05 successfully resulted in homogeneous solids, in which
the Pt-NPs were well dispersed and the textural properties of the
supports were not affected. Overall, both samples presented simi-
lar behavior in all preparation steps, and as a consequence, the dif-
ferences in the catalytic behavior due to the support could now be
clearly observed.

In fact, since the same batch of colloidal NPs was used to produce
the two catalysts, it was expected that Pt-NPs properties would not
be responsible for differences in the catalytic properties. EXAFS
analysis also pointed out only small differences in the CNpe_p; in
the reduced samples and similar interatomic Pt-Pt distances. The
slightly larger CNp,_p; number in the Pt-NPs/Al,0O5 than in Pt-NPs/
Ce0,-Al;05 (9 and 8, respectively) may indicate a change in the
morphology during the calcination step, due to differences in wet-
tability of the support. It is worth noting that the average number of
8-9 corresponds to spherical Pt particles of about 2 nm in size,
which is smaller than the actual size measured by TEM. More inter-
estingly, in the FTIR of adsorbed CO spectra, the highly symmetrical
and sharp (FWHM = 23 cm™!) band observed for each catalyst sug-
gests that the Pt particles is very uniform and shows that the prop-
erties of the Pt particles in the catalyst can be controlled when it is
obtained from Pt-NPs. On the other hand, the bands in the LF region
(at 1819 and 1760 cm™!) are quite different for the Pt-NPs/Al,O3
and Pt-NPs/Ce0,-Al,03 catalysts, being strongly suppressed in
the Ce-containing catalyst (Pt-NPs/CeO,-Al,03). The species with
aband at 1819 cm ™}, assigned to bridge-bonded CO, occurs prefer-
entially at planar Pt sites. The strong suppression of this band in the
Pt-NPs/Ce0,-Al,03 catalyst cannot be explained by slight changes
in the Pt-NPs morphology suggested by EXAFS but is rather related
to geometric effect of CeO, overlaying the Pt-NPs.

Concerning the electronic properties, the XANES spectra at Pt
Lj-edge showed similar unoccupied projected density of states of
the 5d band for both catalysts, but higher than that for bulk Pt.
In this respect, the electron density available for back-donation
into the 27 orbital of the CO molecule in the FTIR of adsorbed CO
experiments must depend on the Pt particle size. A decrease in
Pt particle size leads to a decrease in the C-0O bond strength and
a lowering of the adsorbed CO band frequency [26]. The position
of the band in the HF region assigned to linearly bonded CO is sim-
ilar in both Pt-NPs/Al,O3 and Pt-NPs/CeO,-Al,03 catalysts, stress-
ing that the electron density on the surface of the Pt is similar as
indicated by the XANES data.

Although the number of Pt sites available for dehydrogenation of
cyclohexane is slightly higher in the Pt-NPs/Al,O3 catalyst (Table 3),
the TOFcy4 is much lower than in the Pt-NPs/CeO,-Al,03. These re-
sults suggest that in a small cluster, the activity does depend on the
support, corroborating previously reported results for Pd/xCeO,-
Al, 053 catalysts with various Ce loadings obtained by impregnation
[6]. The FTIR results show that the adsorption of CO in the bridged
form is suppressed in Pt-NPs/Ce0,-Al,03 (Fig. 4), considering that
the Pt-NPs/Al,O3 and Pt-NPs/Ce0,-Al,03 samples were prepared
from Pt-NPs of same size and the electron density of Pt is similar
in both catalysts. Thus, the effect CeO, overlaying the Pt particles
[20] may have caused a loss of terrace sites and by steric consider-
ation suppressed the formation of bridged CO.

It has been demonstrated that the rate of activation of CH4 on
CeO, is slower than on a Pt° surface [27], and it is accepted that
CH,4 is mainly activated on the metal surface [4,28]. On the other
hand, Wang et al. [29] proposed a cyclic mechanism of redox cou-
ples on Rh-CeO,/Al,05 catalyst and stated that the coexistence of
Ce**/Ce®*" and Rh®/Rh®" redox couples facilitated the activation of
CH,. For CH, activation, the electron-deficient state of the Pd°-
Pd®* species results in a higher ability to accept p electrons from

CHy, thus promoting CH,4 adsorption and C-H bond cleavage [30].
Adopting the reaction mechanism proposed for SRM from DTF re-
sults [31], CH; decomposes to chemisorbed carbon (C*) via a pyro-
lytic mechanism. The active carbon can be removed by reaction
with oxygen bound on the surface (0*), producing CO. The free en-
ergy diagrams for Ni and Ru and for Ni at different temperatures
indicate that the CH,4 activation became dominant over the CO step
with the increase in the temperature [2]. Given that (i) under our
reaction condition for SRM, the temperature was low (753-
783 K) and (ii) Pd and Pt show higher free energies for O* than
other metals, we might expect lower O* concentration on Pd and
Pt. Either factor can be contributing for increasing concentrations
of C* on Pt surface. C* can accumulate on the metal surface until
the relative rates of the activation of CH, and the removal of carbon
by formation of CO are balanced. As previously reported [5,6], the
[CePd,0]Pd® or [CePt,0]Pt® adducts formed on the metal surface
may be oxidized by H,0 or CO, transferring O* that oxidize the
C* deposited on the metal surface. This oxidation restore the [CePt-
x0]Pt%like species and the metal site. Consequently, the ceria sup-
port that has a high capacity to transfer O* results in the higher
oxidation rate of C* deposited on the Pt surface, which leads to a
higher accessibility of the active sites for CH; and consequently
to higher TOFcya.

The stability tests of the Pt-NPs/Al,03; and Pt-NPs/Ce0,-Al,03
catalysts under POM conditions showed an increase in activity
within the first two hours on stream. The XRD results (Fig. 3) re-
vealed that the Pt-NPs sintered in both Pt-NPs/Al,O3 and Pt-NPs/
Ce0,-Al,05 catalysts and the supports became more crystalline
when calcined in air at the high temperature (1073 K). They were,
however, stable in reducing atmosphere. The tendency of Pt
agglomerate under oxidizing condition is related to the formation
of PtO, volatile species that have higher diffusivity at this temper-
ature, and Pt sintering occurs mainly by the mechanism of Ostwald
ripening [32,33]. As shown by in situ XANES [5], under POM condi-
tions, the Pt-NPs were reduced. Thus, to avoid the sintering before
the reaction, the catalysts were calcined at a lower temperature
(773 K) than the temperature used for the stability test (1073 K).
From these results and by the fact that the initial increase in activ-
ity with time on stream was similar for both catalysts, the differ-
ences in activity might be mainly associated with changes in the
textural properties of the support. In fact, the type of atmosphere
also seems to affect the Ce phase in the Pt-NPs/Ce0,-Al,03 cata-
lyst. The reducing condition at 1023 K seems to transform the
CeO, crystalline phase to an amorphous CeOy phase, as shown by
XRD.

After the initial period of stabilization under POM conditions,
the Pt-NPs/Ce0,-Al,03 catalyst showed higher activity than Pt-
NPs/Al,03, demonstrating the higher reforming activity of Ce-con-
taining catalysts. Interestingly, both Pt-NPs/Al,0; and Pt-NPs/
Ce0,-Al,05 catalysts were stable in POM (Fig. 9), and no effect of
the support on the stability was detected. In a previous work [5],
we have shown stability results on stream for POM on Pt/y-Al,03
obtained by impregnation. In that case, the conventional Pt/y-
Al, O3 catalyst deactivated with time on stream under similar con-
ditions to the ones used in this work, whereas the corresponding
conventional Pt/Ce0,-Al,05 catalyst was quite stable. Two mecha-
nisms have been proposed for the sintering of Pt particles: Ostwald
ripening, and particle migration and coalescence (PMC) [32]. Under
Ostwald ripening, the driving force for sintering comes from the
higher chemical potential of the metal atoms in small particles.
This driving force may not be favored in the Pt-NPs, which exhibit
a narrow size distribution.

For the conventional Pt/y-Al,03 obtained by impregnation on
commercial alumina, TEM images confirmed its low thermal stabil-
ity by showing extensive Pt sintering and changes in the support
morphology [5]. On the other hand, for y-Al,05 support obtained
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by the sol-gel method, Pt sintering was less evident and the sup-
port showed higher thermal stability [18]. These results suggest
that Pt sintering by PMC is suppressed by the thermal stability of
the y-Al,03 support and Pt particle size. The lack of a Pt-0O scatter-
ing contribution to the EXAFS signal after reduction also suggests
that the Pt-NPs clusters are anchored at supporting oxygen va-
cancy sites. Both mechanisms, Ostwald ripening and PMC, seem
to be suppressed by the thermal stability of y-Al,03 and the nar-
row size distribution of the Pt-NPs. This effect has been analyzed
in detail and will the subject of a future article.

5. Conclusions

A new strategy was successful in synthesizing Pt clusters of uni-
form size supported on mixed oxides. The design of catalysts with
Pt particles of similar size on different supports clearly pointed out
the important role of the CeO, in improving the catalytic activity in
SRM. The higher TOFcy4 of the CeO,-containing catalyst, Pt-NPs/
Ce0,-Al,05, confirmed the relevance of the Pt site surroundings.
The higher activity was ascribed to higher accessibility of the Pt
sites to CH4 on removing C* from active sites by the transfer of
O* from CeO, to metal, promoting oxidation of C*. Pt-NPs showed
high thermal stability, and both Pt-NPs/Al,O3; and Pt-NPs/CeO,-
Al,03 catalysts were stable under POM reaction condition.
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